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Physical Measurements, Moscow, RussiaABSTRACT We study orientational ordering of membrane compounds in the myelinated nerve fiber by means of polarized
Raman microspectroscopy. The theory of orientational distribution functions was adapted to live-cell measurements. The ob-
tained orientational distribution functions of carotenoids and lipid acyl chain clearly indicated a predominantly radial-like orien-
tation in membranes of the myelin. Two-dimensional Raman images, made under optimal polarization of incident laser beam,
corroborated the proposed carotenoid orientation within the bilayer. Experimental data suggested the tilted orientation of both
carotenoid polyenic and lipid acyl chains. The values of maximum tilt angles were similar, with possible implication of carotenoid-
induced ordering effect on lipid acyl chains, and hence change of myelin membrane properties. This study stages carotenoids of
the nerve as possible mediators of excitation and leverages underlying activity-dependent membrane reordering.INTRODUCTIONIt has long been well established that carotenoids can be
found among diverse animal species in a great variety of
different tissues and organs, including skin, retina, liver,
lungs, kidneys, nerves, etc. (1). One of the most intriguing
puzzles is the presence of carotenoids in nerve fibers. This
holds for both myelinated (frog nerves) and nonmyelinated
nerve fibers (lobsters or horseshoe crabs) (1). Several arti-
cles have discussed the possible physiological functions of
carotenoid molecules in various tissues; however, this sub-
ject remains to be explored.
Vershinin (2) made several important steps to demon-
strate that carotenoids help to stabilize membrane fluidity.
He emphasized that the temperature increase induced rela-
tively rapid (~2 h) elevation of membrane carotenoids in
mollusks. The ability of carotenoids (especially polar) to
decrease membrane fluidity more effectively than choles-
terol is well known (3). Vershinin (2) suggested that caroten-
oids are used to maintain membrane fluidity in the changing
environment.
In a more recent article, Mishra et al. (4) showed that
carotenoids in bacterial membranes of Staphylococcus
aureus stabilize lipid bilayer by ordering the alkyl chains
to increase its resistance to the host defense cationic antimi-
crobial peptides. Thus, another possible carotenoid function
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enoid molecules (especially polar) influence membrane
fluidity and permeability (3,5), an important question arises
as to whether these changes can lead to alterations of overall
myelin conductance and affect excitability of the nerve
fiber. Even more interesting is that carotenoids can be sen-
sitive to the membrane potential and the action potential
generation. These effects were shown on various objects
including algae (6) and myelinated nerve fibers (7,8) using
Raman spectroscopy.
If carotenoid molecules undergo conformational (or
orientational) change upon the alteration of membrane
potential, it can directly perturb the conformation of the sur-
rounding lipids, which ultimately define bilayer properties
relevant for excitation. Therefore, carotenoids can possibly
mediate the potential-induced myelin reorganization, as
well as regulate interaction of external signaling molecules
with the membrane. Kutuzov et al. (9) have previously
employed Raman spectroscopy and showed that both lipid
and carotenoid molecules are sensitive to the extracellular
ATP, and thus are possible mediators of the membrane
restructuring.
Nearly every important cell constituent exhibits a chemi-
cally specific Raman signal. This makes Raman spectros-
copy a method of choice for structural and functional
studies along with imaging applications under physiological
conditions. Indeed, applications of Raman spectroscopy to
live-cell imaging are continuously and actively pursued in
research. Polarized Raman spectroscopy has proved very
useful for orientational studies of various Raman scatterers.
Polarized Raman spectroscopy (PRS) as well as polarized
fluorescence spectroscopy are two-photon processes thathttp://dx.doi.org/10.1016/j.bpj.2014.07.002
892 Kutuzov et al.allow us to obtain more precise data on molecular orienta-
tion than one-photon methods like linear dichroism. The
significant advantage of PRS is that one does not need an
external probe, because the Raman effect is detected from
an intact cell. Moreover, some molecules, like carotenoids,
have almost negligible fluorescence and at the same time
pronounced Raman scattering, which makes PRS the most
suitable method to study their orientation. This defined
our choice of PRS in this study of mechanisms of carot-
enoid-lipid interaction in myelin membranes, because other
methods could not allow for simultaneous measurements of
the properties of both species in myelin membranes without
external probes. In this article, we focus on the orientational
ordering, because this parameter is the main determinant of
the bilayer properties (10).
The general theory for molecular orientation in terms of
polarized Raman spectra is well described in Bower (11)
and Nomura et al. (12), and is applied for orientational
studies of dyes, including carotenoid-like polyenes, em-
bedded in polymers (13,14) or in multilayered lipid model
membranes (15). Here we adopt the anisotropy measure-
ments to live cells, the peripheral myelinated nerve fibers.
An important difference between the traditional orientation
ordering studies of polymer-embedded molecules and cell
membranes is that the focal volume size in our case is com-
parable to the cell diameter. The latter requires us to
consider the curvature of a membrane inside the focal vol-
ume to question molecule orientation with respect to the
bilayer.
Polarized Raman measurements on living cells have been
reported in several previous studies. Chiu et al. (16) showed
that measurement of Cytochrome c Raman spectra with
alternating relative position of polarizer and analyzer can
separate overlapping Raman peaks, which indeed increased
chemical contrast obtained by Raman imaging. Polarized
Raman spectroscopy was employed by Agarwal and Atalla
(17) to study the molecular ordering of cellulose and lignin
fibers in a plant cell wall and by Kubo et al. (18) to find out
the orientation of carotenoids in the eyespot of alga. How-
ever, in these articles conclusions were made based on qual-
itative differences in Raman bands intensities.
Bower’s theory (11) has been employed in a study of pro-
tein orientation in silkworm and spider silk fibers by Rous-
seau et al. (19) and Lefe`vre et al. (20). Nevertheless, to the
best of our knowledge, the theory has never been applied to
the living cell before. The reason for this lack is probably the
low intensity of the Raman signal due to the limited laser
power used for live-cell measurements.
In this work, we bring in live-cell Raman anisotropy mea-
surements and focus on the orientation distribution function
(ODF) of carotenoids and lipids in myelin membranes of a
peripheral nerve fiber. We discuss how to adopt the existing
theory of ODF to living cells and consider possible implica-
tions resulting from the complexity of biological objects. To
perform live-cell PRS measurements, we developed a laser-Biophysical Journal 107(4) 891–900focusing procedure based on the intrinsic optical properties
of the nerve fiber to increase signal/noise and polarized
measurement accuracy. The obtained data allow us to iden-
tify the orientational ordering of carotenoids. We also esti-
mate the approximate ODF of lipids to describe possible
interaction of these two species within the lipid bilayer.
Our results are corroborated by two-dimensional Raman
imaging. Finally, we come to a conclusion about a tenta-
tively new mechanism of excitatory response regulation
by membrane carotenoids.MATERIALS AND METHODS
Sciatic nerves
These nerves were dissected from the frog Rana temporaria. Nerve prepa-
rations, ligated at both ends, were immersed into Ringer’s buffer solution
(NaCl 100 mM, KCl 2 mM, CaCl2 1.08 mM, HEPES 10 mM, pH ¼ 7.4)
for a 0.5 h. After incubation, nerves were tested on their physiological
activity.
Nerves capable of stable action potential generation were used for spec-
tral measurements. Nerves were stimulated by supramaximal voltage pulses
(impulse duration 0.3 ms, repetition rate 20 Hz). Single nerve fascicles were
desheathed by removing blood vessels, fat, epineurium, and perineurium.
Experiments were conducted at room temperature. The recording chamber
was filled with Ringer’s frog saline.Spectral recordings and Raman imaging
This procedure was performed on single nerve fibers using the confocal
Raman mode of a model No. a300 near-field microscope (WITec, Ulm,
Germany) with a 532-nm excitation laser. We used dry 20 Nikon (Mel-
ville, NY) and 50 objectives (Carl Zeiss, Jena, Germany) with NA ¼
0.4 and 0.8, respectively. The former was used for polarized Raman mea-
surements, and the latter for Raman imaging. Recording chamber for
Raman spectroscopy consisted of a glass slide with a small rectangular side-
wall (height, 1–2 mm) attached to it. The wall formed a central compart-
ment that was filled with Ringer’s solution. Dissected nerve bundles were
put on the surface of a buffer drop. Finally, a coverslip was attached on
the upper surface of the sidewall. This procedure allowed us to put the
majority of single nerve fibers in sufficient volume of buffer and to place
them in a maximum close proximity to the upper coverslip. This fact was
of great importance, inasmuch as the use of dry objectives to visualize
objects beneath the layer of liquid leads to spherical aberrations so that
the resulted image can be distorted and difficult to interpret (21). It is impor-
tant to mention that all measurements were performed on the myelinated
nerve fibers with diameters in the range of 12–14 mm.Focusing laser beam
This procedure was performed on the myelin membranes to obtain
maximum Raman signal. It is a challenging procedure, and there is no con-
ventional approach to achieve it. This limitation motivated us to establish a
reproducible procedure of obtaining a single Raman spectra. To begin, we
adjust the objective position until we have a visible focused laser spot on
the very edge of myelin wrap. Next, we move the focus along the Z axis
(Fig. 1 A). As we move from the edge of a fiber to its center, we can observe
a laser spot appearing at the other side of a nerve fiber. This is probably due
to the waveguide effect of myelin, which has a higher refractive index than
the surrounding buffer solution and the axoplasm. The maximum Raman
signal was obtained when we moved focus slightly to the center of a fiber
after we observed intensity maximum of the second spot. We assume that
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FIGURE 1 Schematic representation of experimental setup with aster-
isks (*) in the sites where the approximations are considered (A), and the
fiber is depicted as half of a cross-section (B). Model of the experimental
system used to calculate the ODF: (C) curved membrane region is
substituted with laser polarization, changing within the b-angle. (D) Euler
angles in the laboratory frame. (E) Relative intensity of transmitted light Z
(dashed), Y-polarized light (dots), and decrease of Z-polarized light inten-
sity due to refraction (solid). (One-sided shaded arrows) Theoretical orien-
tation of carotenoid molecules; (two-sided solid arrows) polarization of
laser beam.
Orientational Ordering of Carotenoids 893this position corresponds to the maximum signal intensity, as we have the
largest possible illuminated myelin area. The additional laser spot on the
opposite side of a fiber also helped us to control the tilt of a fiber (rotation
around the Z axis). If the fiber is in the ZY plane (parallel to the scanning
table plane), we will see the second spot opposite the first one (on the other
side of myelin) and if not—the spot will be shifted or not visible. Moreover,
the intensity of a second spot allowed us to qualitatively control the local
homogeneity of the myelin sheath, which is of a great importance for accu-
rate PRS measurements. If there is a distortion of myelin membranes, the
additional spot becomes diffusive and not clearly visible.Spectral baseline subtraction
This process was performed using the software PROJECT (WITec; graph
background subtraction function with polynomial fit). To obtain polariza-
tion measurements, one needs to place an analyzer in the optical path,
which will decrease the intensity of Raman signal. Because it is of main
importance not to damage a cell by laser light, we limited the output
power to ~3–5 mW at the expense of higher integration time (3–5 min).
These measurement parameters also allowed us to avoid undesirable photo-
bleaching. After each measurement, the nerve fiber was checked through
light microscopy upon detecting the presence of any membrane rupture
or deformation.Two-dimensional depth cross-sections
These samplings were obtained with point-by-point (typically, 32  32 or
64  64) laser scanning in a plane perpendicular to the fiber axis. Polariza-
tion of the laser was chosen to obtain the maximum signal intensity. For
carotenoid imaging, the laser was polarized perpendicular (alternatively,
parallel for lipid) to the fiber axis. No analyzer was used in Raman image
measurements. The experimental setup allowed us to vary the size of the
confocal aperture (100 mm and 50 mm) and compare acquired images,
which is convenient when one applies depth confocal imaging.Determination of spatial and axial resolution of
objectives
This determination was performed using the silicon plate test: a piece of
silicon wafer was immersed in the working buffer solution and then covered
by a 0.17-mm coverslip to mimic the optical setup we used. The object was
then scanned in either the lateral or the axial directions to measure the in-
tensity distribution. Finally, the resolution was estimated as a full width at
half-maximum of the obtained profile. Obtained values for the lateral and
axial resolution of the 20 objective are 1.2 and 9.7 mm, respectively,
and for the 50 objective, 0.9 and 7.5 mm.RESULTS AND DISCUSSION
The calculation of carotenoid and lipid
orientational distribution functions from
polarized Raman spectra
To provide a detailed description of the anisotropy of Raman
spectra from the myelinated nerve fibers and determine the
orientational ordering of main Raman scatterers in the
myelin membranes (carotenoids and lipids), one needs to
adapt the existing theory of molecular orientation to live-
cell measurements. The most general theory of molecular
orientation was developed by Bower (11), and has been
applied mainly for orientation studies of dyes embedded
in polymers.
To understand how polarized Raman spectroscopy data
can provide information about molecular orientation,
consider a rodlike molecule with the highly anisotropic
Raman scattering, which is prominent only if incident light
is polarized along a molecule’s long axis (shaded arrow
in Fig. 1 D). This molecule is somehow oriented within
some medium (lipid membrane). To define molecule orien-
tation, one needs to calculate the q- and f-angles. We use
X-polarized light to detect the Raman signal polarized in
the X or Y directions, and then use their intensity ratio to
obtain f. Next, we apply the same procedure with Z-polar-
ized excitation and use measured Z- and X-signal compo-
nents to calculate the q-angle. Thus, using four measured
intensities in a case of a molecule with known Raman scat-
tering properties (derived polarizability elements of Raman
tensor), it is possible to figure out its orientation. Because
we have an ensemble of molecules, only an average picture
is obtained. However, with several mathematical operations
(discussed later), it is possible to obtain the so-called order
coefficients hP2i and hP4i with which an approximate ODFBiophysical Journal 107(4) 891–900
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show what fraction of molecules is oriented within the angle
of interest, thus providing quantitative description of molec-
ular orientation.
The main issue of application of this theory to polarized
Raman spectra of live cells is to take into account the
most influential features of live cells that affect measure-
ments, and thus need to be corrected-for. Bower’s theory
(11) is applied mainly for systems such as dyes embedded
in polymers. In this case, the measured object has a uniform
structure within the focal volume. When working with cells
(nerve fibers), the situation is more complicated. For
instance, a cylindrical cell shape leads to the curvature of
a membrane within the focal volume. Therefore, one should
take it into account when investigating the molecular orien-
tation of molecules in cell membranes. The main part of the
experimental system including the focused incident laser
beam and the object of interest, a single nerve fiber, are
schematically depicted in Fig. 1, A and B, with asterisks
where the approximations should be made. Some of them
will be discussed below, before the mathematical formula-
tion of theory.
To start, we consider the effect of the finite angle of
focusing to the polarization direction of incident light.
Because we use an objective to focus light it is no longer
polarized in Z direction, but also has a perpendicular compo-
nent (Fig. 1 A (1*)). Using the approach developed by Tur-
rell (22), one can compare the relative weights of each
component to overall Raman intensity. Taking into account
the spherical aberration correction for a 20 dry (NA¼ 0.4)
objective as described by Everall (23), it can be shown that,
in our case, only the Z component can be used—equivalent
to the assumption of having a parallel beam of light incident
on the object.
Next, we focus on the physical model of a nerve fiber and
discuss some of its optical properties. In a simplified model,
a nerve fiber can be represented as two concentric cylinders
with an inner cylinder corresponding to axon and an outer
cylinder to myelin. A typical fiber width is ~12–15 mm,
and the thickness of myelin wrap is ~1.5 mm. The latter
was estimated using a g-ratio equal to 0.8, which is a char-
acteristic for peripheral nerve fibers from frog sciatic nerves
(24). Myelin is a multilayered structure composed of
concentric units of bilayer membrane (z5 nm) and intra-
or extracellular compartments (z2-nm thick) (25). The
approximate period of this structure is ~7 nm, which is
much less than the wavelength of light (532 nm) used for
measurements. Thus, we assume that, in our model, myelin
is homogeneous dielectric with a constant (averaged within
wavelength) refractive index. On the other hand, the laser
wavelength is much smaller than the curvature radius of a
nerve fiber (6–7 mm), which allows us to use a geometrical
optics limit for simplicity in the theoretical description.
Light incident on a nerve undergoes reflection and refrac-
tion, both being angle-dependent. Here we must considerBiophysical Journal 107(4) 891–900the difference in transmission coefficients of buffer solu-
tion/myelin interface for Z- and Y-polarized light (Fig. 1 A
(3*)). Knowing that refractive indices of buffer solution
and myelin are, respectively, 1.33 and 1.45 (26,27), we
can estimate the transmission coefficients using Fresnel
equations. The transmitted fraction of light incident on
the nerve undergoes refraction Fig. 1 A (3*). The laser
spot is ~1.2-mm wide, so different rays hit the nerve at
different angles. Moreover, here we neglected the effect of
birefringence. From measurements on the myelinated
nerves, it follows that the difference of refractive index is
only 1.5  105, which cannot significantly affect our
results (28).
Consider a plane wave incident at angle u to the nerve
surface. Before hitting the nerve, the wave is Z-polarized
(amplitude of Y-polarized light is not influenced by refrac-
tion). Now we can estimate the effect of refraction simply
by calculating the projection of the electric field vector of
the refracted wave to the Z axis. Assuming that the plane
wave hits the nerve fiber surface at angle u and refracted
wave propagates at angle d (calculated from normal to nerve
surface), which are related through Snell’s law, we have
nbuffersinu ¼ nmyelinsind or sing ¼ n12sina. Due to the
refraction, the projection of electric field vector (bez) on
the Z axis will change relative to the initial value (ez):
bez ¼ ezcosðu dÞ:
The range ofu can be estimated using the above-describedgeometric parameters of the nerve fiber. Supposing that light
can hit nerve surface anywhere within the myelin region on
the side of a fiber, the angle of incidence varies from ~50
to 90. Relative intensity can be calculated as the squared
corresponding electric field component. Using basic geomet-
rical considerations, it can be calculated that the value ofbI z=Iz varies from 99 to 84% (Fig. 1 E).
There are two important issues to mention when
comparing the calculated relative intensities of transmitted
light (Z- and Y-polarized) and the decrease of Z-polarized in-
tensity bI z=Iz against the angle of incidence:
1. When refraction starts to increase significantly, there is
a simultaneous decrease in transmission coefficient for
Z- and Y-polarized rays, inasmuch as the most refracted
ray has the lowest intensity. With this approach, we
used the simplified model, in which we neglected the
refraction.
2. We did not take into account the differences in transmis-
sion coefficient for Z- and Y-polarized light, so they have
equal intensities after entering a nerve fiber. Finally,
we neglected the lateral size of focal volume and consid-
ered it as a single line (green line in Fig. 1 C). The reason
for that is relatively low differences in transmission coef-
ficients (<5%) in the working range of angles (we do not
consider the light incident at angles >75–80, as it is
mostly reflected from the surface). In this approximation,
Orientational Ordering of Carotenoids 895it is also implied that the Gaussian intensity distribution
in a laser spot is neglected.
In the case of uniaxial systems (stretched polymer or bio-
membrane) with a cylindrically symmetric molecule of
interest, its ODF N(q,f,j) can be described only by the
q-angle between the molecular axis and normal to the mem-
brane (Fig. 1 D). According to the theory (11), it is possible
to expand ODF in terms of Legendre polynomials in cosq:
NðqÞ ¼
XN
i¼ 0
ðiþ 1=2ÞhPiiPiðcosqÞ: (1)
In our case (C2h polyene symmetry), there are only even
terms in the expansion. One can obtain hP2i and hP4i coef-
ficients from the polarized Raman experiments simply by
solving the system of equations as described by Everall
et al. (13) and use them for ODF reconstruction.
Two main resonance-enhanced Raman bands of caroten-
oids (1160 and 1527 cm1) and a 2885 cm1 lipid Raman
bandwere used for calculations. It is usuallymore convenient
to define a Raman tensor in a molecular coordinate system,
because it can be simplified based on symmetry consider-
ations. The simplest model we used is based on the assump-
tion that every tensor element of carotenoid-derived
polarizabilityaij equals to zero except forazz (denoted simply
as a, below). The applicability of such an assumption is
consistent with experimental findings on resonance Raman
scattering anisotropy from polyenelike molecules (13,29).
In this case, a corresponds to the direction of the transition
dipole moment (TDM) of the molecule. It is well known
that there exists an angle between TDM and the molecular
chain, which depends on the polyene structure. In the
following, by ‘‘orientation of themolecule in themembrane’’,
we imply the direction of TDM relative to the membrane.
In the case of lipid molecules, the representation of the
Raman tensor is more complicated, mostly due to the lack
of experimental data. Therefore, we used qualitative data
from total internal reflection fluorescence experiments of
Lee and Bain (30) and polarized Raman measurements on
crystallized polymethylene chains of Cho et al. (31) to
calculate the approximate ODF of lipid acyl chains in the
myelin and compare their orientation to carotenoids. The
maximum Raman signal from lipids is achievable when
the polarization of incident laser light is perpendicular to
the lipid acyl chain. Here we assume that derived polariz-
ability is symmetric in the XY plane and that Gzz ¼ kGxx ¼
kGyy, where we varied k values from 0 to 0.1 (for k> 0.1, we
obtained inconsistent hP2i and hP4i values).
We define a laboratory coordinate frame relative to the
orientation of a membrane bilayer, in a way that the Z
axis is normal to the nerve surface (Fig. 1, A and B) and
the Y axis is coincident with the fiber symmetry axis
(perpendicular to the plane of the graph). The polarization
of the incident laser and the analyzer position are also
defined in this frame.Raman tensors of carotenoid (R) and lipid (G) molecules
in the molecular frame look like
R ¼ ac
0
@ 0 0 00 0 0
0 0 1
1
A;
G ¼ al
0
@ 1 0 00 1 0
0 0 k
1
A:
(2)
To move to the laboratory coordinate frame, one must ex-
press this tensor in a new basis set. This can be achieved
using a transformation matrix F,
A ¼ FTRF;
where FT is a transposed matrix. It is appropriate to define
the transformation matrix in the form presented in Everall
et al. (13).
The lipid membrane can be regarded as a medium with
uniaxial symmetry. On the other hand, myelin membranes
curve within the focal volume. Consider the situation de-
picted in Fig. 1 A (4*) and Fig. 1 B, with ideally oriented
(normal to membrane, q ¼ 0) scattering species with shaded
arrows corresponding to molecule TDM. The expected ODF
should look like a Dirac delta function (in a case of ideal
optical setup) with origin at q ¼ 0. However, due to the
bend of membrane in a focal region, molecules appear to
be oriented within the b-angle.
With Z-polarized light and provided all simplifying
assumptions are valid, we collect the Raman signal from
all molecules within the b-angle. Nevertheless, the projec-
tion of the electric field vector to the TDM direction varies.
From Fig. 1, A and B, it is clearly seen that, with increasing
b-angle, the projection of the Z-polarized electric field to
molecule TDM decreases. To apply the existing theory of
molecular orientation to this case, we have to consider an
equivalent system in which the myelin membrane is flat
and the polarization of incident light varies with b
(Fig. 1 C). This approach allows us to use the same Raman
tensor A and change only the polarization of incident light
and position of analyzer.
Thus, one can express the intensity of Raman signal at
angle b as
IijðbÞ ¼ k

eiðbÞAeTj ðbÞ
2
; (3)
where ei(b) and ej(b) are electrical field vector components
(the absolute amplitude value is included in constant k) for
various polarizer and analyzer orientations, respectively. As
long as the laser is polarized in either the Z or Y directions,
electric vector components can be represented as follows:
ezðbÞ ¼ ð sinb 0 cosb Þ;
eyðbÞ ¼ ð 0 1 0 Þ: (4)Biophysical Journal 107(4) 891–900
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896 Kutuzov et al.For the Y-polarized laser, there is no need to consider the
effect of the curvature because the nerve fiber is symmetric
to rotation around the Y axis. As an illustration, Izy(b) can be
estimated as follows:
IzyðbÞ ¼ k
0
@ð sinb 0 cosb ÞA
0
@ 01
0
1
A
1
A
2
: (5)
From now on, we assume that k is constant, including the in-
21000 1500 2000 2500 3000
Frequency shift, cm-1
FIGURE 2 Raman spectra of a nerve fiber, obtained under different
polarizer (solid arrow to the right from each spectra) and analyzer (dashed
line) orientations. (Cylinder to the right from each spectra) Nerve fiber is
schematically depicted (the fiber lies in the plane of the figure)tensity of incident laser and a .
The next step in derivation of the expressions for experi-
mentally measured intensities (Jij) is to integrate over the
b-angle:
Jij ¼
Z b
b
IijðbÞdb: (6)
To calculate the maximum possible b-angle, which will
introduce the largest error, we assume that the maximum
signal is obtained when the laser beam is tangent to the sur-
face of an axon. In this case, we simply draw a vertical line
at Z equal to the axon radius and calculate the angle at which
this line crosses the outer myelin surface. Here we also
have taken into account that the height of the focal volume
(z10 mm) is comparable to a nerve diameter that it crosses
the nerve through and assume that the intensity is constant
within the focal volume (Fig. 1 A).
Evaluation of integrals and averaging over 4- and
q-angles leads to the expression for average measured inten-
sity hJiji, which is linear with respect to hcos2qi and hcos4qi.
The expression can be easily modified to be a linear function
of hP2i and hP4i. As an example, this is the implicit equation
for the experimentally measured hJzyi intensity:
Jzy
 ¼ kðaðbÞhP2i þ bðbÞhP4i þ cðbÞÞ: (7)
Here a, b, and c are functions of b only and hence can be
calculated independently. Solving the system of equations,
one can obtain hP2i and hP4i using experimentally measured
hJzzi, hJzyi, and hJyyi.
Using the orientation distribution coefficients, it is
possible to calculate ODF. However, the resulting ODF built
using only two terms has negative values, which is physi-
cally meaningless. It is also well established that for mole-
cules with a high degree of orientation Pi, coefficients
with i > 4 can significantly influence the ODF (32). There-
fore, we constructed the most probable normalized ODF
(Nmp) using the information entropy theory described in
Lagugne´ Labarthet et al. (14) and Tanaka and Young (32).Carotenoid and lipid ordering in myelin
To assess carotenoid and lipid ordering in myelin, we
collected polarized Raman spectra from single nerve fibers.
Raman spectra shown in Fig. 2 demonstrate that the mostBiophysical Journal 107(4) 891–900intense signal of carotenoid and lipid Raman bands is
obtained with the Z- and Y-polarized laser, respectively.
Here, three main carotenoid bands (1000, 1160, and
1527 cm1) are pronounced. There are also clear overtone
bands between them and the lipid region. The latter is rep-
resented mainly by the 2800–3000 cm1 region with three
unresolved bands (2850, 2885, and 2940 cm1). For anisot-
ropy measurements, we used the 2885 cm1 Raman band,
corresponding to the CH2 antisymmetric stretching mode
(31,33).
From each nerve fiber (N¼ 32), we collected four Raman
spectra. The average intensities of 1160 and 1527 cm1
carotenoid peaks and 2885 cm1 lipid peaks were extracted.
From obtained spectra, we calculated intensity ratios hJzzi/
hJzyi and hJyyi/hJyzi using 1527 and 1160 cm1 peak inten-
sities. Because values do not differ significantly, we used
1527 cm1, which has better signal/noise. We have also cho-
sen the 2885 cm1 band for lipid anisotropy measurements
as a most polarization-sensitive and well-resolved target in
the 2800–3000 cm1 region.
Orientation of carotenoids in biomembranes depends on
their chemical structure and lipid bilayer composition.
With regard to the myelinated nerve, there is little if any
data concerning the type of the carotenoid molecule content.
Chemical analysis of frog sciatic nerve myelin was per-
formed by Smith and Curtis (34). Myelin is composed
mainly of a variety of lipids, which are asymmetrically
distributed in the bilayer (35,36) and a lesser part is taken
by a special kind of structural protein. The complexity of
myelin structure makes suppositions about carotenoid orien-
tation and distribution challenging, and practically impos-
sible to elucidate in model systems. The best way is
therefore to make live measurements and calculate the cor-
responding ODF. It can be done using Eq. 1, where hP2i and
hP4i are obtained from Eq. 7.
Orientational Ordering of Carotenoids 897From the ODF depicted in Fig. 3 A, it is evident that
carotenoids are preferably oriented radially in nerve fiber
membranes. However, in speaking about orientation here,
we refer to the angle between the z axis in the molecular
frame and the Z axis in the laboratory coordinate frame.
In the molecular frame, the z axis coincides with a TDM.
Because we retained only one nonzero element of the
derived polarizability tensor (azz in molecular frame),
ODF actually refers to the probability of finding a carot-
enoid molecule with dipole transition moment oriented at
q relative to the Z axis of the laboratory frame.
It follows from our results that within the range of exper-
imental error-of-intensities ratios, there are two distinct
possible ODFs Fig. 3 A:
1. And ODF with a maximum right at q ¼ 0 angle; and
2. An ODF with two symmetric (with respect to q ¼ 0)
maxima at the angle, which depends on this intensity
ratio and is limited by 535.
The shape of the ODF is a function of the curvature correc-
tion procedure in a way that variation of b-parameter can
result in transformation from single-maxima to two-maxima
ODF. At this experimental error of measured intensities and
theoretical approximations, it is not possible to discriminate0o
45o -45o
90o -90o
0o
45o -45o
90o -90o
A
B
FIGURE 3 Orientational distribution function of (A) carotenoids and (B)
lipids in myelin membranes of nerve fiber. Zero-angle corresponds to the
direction perpendicular to the membrane surface. (Solid line) ODF calcu-
lated from average-intensities ratios. (Shaded) Extent of ODF variation,
which corresponds to Raman intensities ranging within the standard devia-
tion error.between the two types of ODF. We have to admit both types
as being possible, and below we discuss their physical
meaning.
Orientation of carotenoids in membranes depends on
carotenoid chemical nature as well as the composition of
lipid bilayer (10,15). Carotenoids with terminal polar
groups, like zeaxanthin, tend to orient perpendicular to the
membrane surface, along the lipid alkyl chains, due to inter-
action with lipid polar heads. Nonpolar carotenoids, fully
hydrophobic molecules like b-carotene, on the other hand,
can be expected to orient either parallel or perpendicular
to the membrane bilayer (15). Notably, one has to take
into account the possible off-axis angle of TDM in caroten-
oids. There is a body of theoretical works on the calculation
of this angle for various polyene types (37). For instance,
Birge et al. (38) mentions that one can expect different
off-axis angles for a TDM in polyenes with an upper limit
at ~30 and lower limit at ~6–11 for infinite polyene
chains. For a common natural carotenoid, lycopene, the
transition dipole moment off-axis angle is estimated from
theoretical calculations to be%14.9. The tilt of TDM rela-
tive to the polyene chain of carotenoids can account for the
two symmetric maxima of ODF; however, the expected off-
axis angle for natural carotenoids has lower values.
Another possible explanation for the off-axis angle is the
mismatch between the size of carotenoid and membrane
thickness. From articles of Gruszecki and Sielewiesiuk
(10), it is known that the length of polar carotenoid can
exceed the thickness of membrane, rendering impossible
the orientation of the polyene chain perpendicular to the
bilayer. Instead carotenoid has a tilt with respect to mem-
brane normal, which allows the molecule to anchor to mem-
brane surfaces with two polar groups. This effect can lead to
an increased off-axis angle exceeding 20 (10). Interest-
ingly, carotenoids ordered in such a fashion can interact
with lipid acyl chain and promote their reorientation
(3,10). This introduces an additional tilt to the acyl chains
with respect to the membrane normal and locally decreases
membrane thickness. From Fig. 3 B, it is clear that lipid
ODF has two maxima at ~q ¼ 530. Although this angle
may be attributed to isomerization of fatty acid chains, if
lipids undergo an additional shift after carotenoid-mediated
membrane compression, the final off-axis angle for lipid
acyl chains will be increased, and can explain the shape of
lipid ODF. Of course, one should allow for error in calcula-
tion of orientation order parameters for the lipid Raman
band due to low spectral resolution, overlap of different
bands, and approximations used to construct the Raman
tensor.
The match between carotenoid and lipid ODF can be seen
from Fig. 3. The range of angles, where ODF has nonzero
values, is similar for both types of molecules. This is con-
sistent with a model discussed above in which carot-
enoids induce lipid tails reorientation. Such an influence
of carotenoids can empower them with means of modulationBiophysical Journal 107(4) 891–900
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898 Kutuzov et al.and control of membrane properties. Several reports have
highlighted that carotenoids in various concentrations can
significantly influence such membrane properties as thick-
ness, fluidity, permeability for small nonpolar molecules
and ions, and temperature and cooperativity of phase
transitions (3,5). More importantly, polar carotenoids,
which are likely to be in the myelin, have a more prominent
influence on lipid bilayer in comparison to nonpolar carot-
enoids (39).E F
FIGURE 4 Relative orientations of the imaging plane and the laser polar-
ization for (A) carotenoid and (B) lipid imaging. Raman images of carot-
enoid (left) and lipids (right) were obtained with a laser polarized in the
parallel and perpendicular directions to the scan plane, respectively. Raman
cross-sections of carotenoids and lipids for 100-mm (C and D) and 50-mm
pinhole (E and F) in the internodal region of the nerve fiber.Confocal Raman imaging
In this work, we implemented a proposed-new qualitative
focusing procedure, and determined that the most effective
signal collection is possible when using different incident
laser polarization for carotenoid and lipids. This approach
drastically improved signal/noise in Raman spectra, and
allowed us, to our knowledge for the first time, to perform
two-dimensional Raman mapping of myelinated nerve
fibers. We use these results to confirm the data obtained
from polarized Raman measurements. Raman scattering
from carotenoids and lipids is distinguishable only with
the Z- and Y-laser polarization, respectively, because we
decreased integration time for imaging, so that full exposure
time would not damage the cell during measurement. Never-
theless, the acquired images are useful in the visualization of
scattering anisotropy.
The typical depth confocal images obtained with the laser
polarized in either the Z (carotenoid imaging) or Y direction
(lipid imaging) are shown in Fig. 4, C, E, D, and F, respec-
tively. Images were obtained using 100-mm and 50-mm
pinhole imaging, and as can be seen from Fig. 4, do not
differ significantly. Poor signal/noise did not allow us to
obtain carotenoids and lipids images in the reverse polariza-
tion. A puzzling feature of Raman carotenoid images is
obviously the drop in intensity at the top and bottom of
the fiber. From polarized Raman measurements, it follows
that carotenoids are oriented in nerve fibers in a radial-like
fashion. With this in mind, it is clear that, at the top of the
fiber, the electric field of the Z-polarized beam is mainly
perpendicular to the TDM of the carotenoid molecule and
hence cannot evoke a pronounced signal. The opposite hap-
pens at the side of the fiber, where laser polarization is ori-
ented along the carotenoid TDM and thus maximizes signal
intensity. Alternatively, such nonuniform Raman intensity
distribution may be a result of an axially elongated focal
volume, as shown in Fig. 1 A. In this case, the increased
signal from the sides of nerve is due to more scattering mol-
ecules within the focal volume.
Confocal Raman images corresponding to lipids, on the
other hand, display uniform distribution, in addition to the
fact that they are also ordered in membrane. The explana-
tion comes from the fact that the lipid 2885 cm1 band is
most intense when the polarization of incident light lies in
the plane perpendicular to the acyl chain. If laser is Y-polar-Biophysical Journal 107(4) 891–900ized, then independently of the q-angle the incident polari-
zation will remain perpendicular to the chain axis, and
signal intensity will not vary noticeably between sides and
the center of the fiber. This is exactly what is seen from
Fig. 4, D and F.
In this study, we aimed to provide a representative
example of the practical significance of polarized Raman
studies in a live cell. The knowledge of anisotropy of Raman
scattering allowed us to enhance two-dimensional imaging
in live cells. Images, obtained with different laser polariza-
tions, confirmed the results on carotenoid ordering obtained
from polarized measurements. Moreover, depth confocal
sectioning of carotenoid and lipids can be useful in studies
of the physiological and pathological processes that influ-
ence the myelin structure.CONCLUSION
This article is focused on the implementation of the polar-
ized Raman microspectroscopy in a live-cell study of mo-
lecular orientation of membrane constituents (carotenoids
and lipids). This is a necessary step toward the realization
of their function. To provide as detailed a description of
the orientational ordering as possible, we adopted the theory
developed by Bower (11) and discussed the complications
that must be considered in the live-cell measurements.
Orientational Ordering of Carotenoids 899The focal volume is comparable to the size of the studied
object (myelin membranes), which affects the results of
measurements to a high extent, especially in the case of cells
with complex morphology. We devised a protocol for
focusing laser light on a myelinated nerve fiber as well as
a simple procedure that corrects for the ODF distortion
induced by membrane curvature. Simplified assumptions
based on geometrical optics considerations were made to
estimate the error introduced by a typical spectroscopic
experimental setup.
The resulting experiment-based ODF strongly suggested
orientational ordering of carotenoids in myelin membranes.
Within the experimental error, we can establish that ODF
has a single maximum, corresponding to normal orientation
relative to the bilayer surface. Alternatively, it can have two
symmetric maxima. The latter suggests that the molecules
of interest are most probably polar xanthophylls, which
anchor on both outer surfaces of the bilayer. Based on qual-
itative data representation (30) of Raman tensor of lipid acyl
chains, we obtained ODF for lipids and compared it to the
carotenoids ODF. Correlation between the two ODFs sug-
gests a tight interaction between these molecules within
the bilayer, which can probably modulate its properties.
We believe that the observed orientational ordering of
carotenoids is a representation of their function in modi-
fying (or stabilizing) myelin membrane properties, which
in turn can affect excitability of the nerve fiber. Such mech-
anisms can be pinpointed by studying the dynamics of ODF
change during physiological processes in the nerve fiber,
which will be the subject of our future research.
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